Lipid-linked oligosaccharides were synthesized with the particulate enzyme preparation from mung bean (Phaseols aureus) seedlngs in the presence of GDP-1J4C1 mannose. The oligosaccharides were released from the lipids by mild acid hydrolysis and purified by several passages on Biogel P4 columns. Five different oUgosacchardes were purified in this way.
3(ManaI-.6)Man,8-GlcNAc-GlcNAc; and A, Manal-2Mana1--+ 2Manal-3(Manal-3lManal-6I Manal--.6)Man8-GkcNAc-GlcNAc.
The synthesis of the Man7GlcNAc2 was greatly diminished when tunicamycin (10 pg/ml) was added to the incubation mixtures.
Many plant and animal glycoproteins have an oligosaccharide composed of mannose, N-acetylglucosamine (GlcNAc) and possibly other sugars, that is attached to the protein in a GlcNAcasparagine bond (10, 17, 32) . The biosynthetic pathway for the formation of this oligosaccharide involves a series of membranebound glycosyl transferases that utilize dolichol-linked saccharide intermediates (10, 32) . In the animal systems, it is now wellestablished that these enzymes catalyze the transfer of GlcNAc, mannose, and glucose to dolichyl-phosphate to form a dolichylpyrophosphoryl-oligosaccharide having the composition, Glc3Man9GlcNAc2 (5, 20, 22) . This oligosaccharide is then transferred to the protein (6, 7, 24, 28) . Several of the intermediate lipid-linked oligosaccharides have been isolated from animal tissues and the oligosaccharides have been characterized (4, 15, 32, 33) . Plant cells also contain glycoproteins having oligosaccharides attached in GlcNAc--asparagine bonds (10) , and the structure of the oligosaccharide of soybean lectin has been shown to be a highmannose type (21) .
Although the general pathway of assembly of the lipid-linked saccharides of plant cells is known (1-3, 8, 13, 19) , the details of formation of the various lipid intermediates remain to be established (10) . Thus, few of the oligosaccharides have been isolated or characterized, nor are the steps in the synthesis known. Re-cently, however, an oligosaccharide-lipid with the composition Glc3Man9GlcNAc2 was identified in several plant tissues (18, 27) .
This report describes the isolation and characterization of five of the major oligosaccharides from the lipid-linked oligosaccharides synthesized by mung bean particulate enzyme preparations. The oligosaccharides were purified by chromatography on Biogel P-4 and were characterized by enzymic and chemical procedures.
MATERIALS AND METHODS
Materials. GDP-[U-14C]mannose (269 mCi/mmol) and UDP- [6-3H] GlcNAc (6.6 Ci/mmol) were purchased from New England Nuclear. Unlabeled sugar nucleotides and type III a-mannosidase were from Sigma. Pronase The reactions were terminated by the addition of 2 ml of CHC13:CH30H (1:1) and 0.5 ml of H20. The mixture was stirred vigorously, and the layers were separated by centrifugation. The lower CHC13 layer was removed and saved, and the aqueous phase and interface were extracted with another 1 ml of CHC13. The combined CHC13 phases, which contained lipid-linked monosaccharides and lower mol wt lipid-linked saccharides, were extracted with CHC13:CH30H:H20 (3:48:47) before being placed in scintil-lation vials for counting. The particulate material that remained at the interface during these extractions was isolated by centrifugation after adding 1 ml of CH30H to dissolve any remaining CHC13. The pellets were washed two times with 50%o CH30H and once with 1O00o CH30H before being suspended in CHCl3:CH30H:H20 (10:10:3) to extract the LLO.2 Aliquots of this extraction were placed in scintillation vials for counting (13 Oligosaccharides were separated and purified on columns of Biogel P-4 (200-400 mesh) equilibrated and run in 0.1 M acetic acid. Biogel P-4 columns were I x 100 or 1.5 x 150 cm. Aliquots of each fraction were removed for the determination of radioactivity. RESULTS The incorporation of GIcNAc from UDP-[3HJGlcNAc into the CHCI3:CH3OH: H20 (1:1:1) soluble lipids (i.e. GlcNAc-and N,N'-diacetylchitobiosyl-pyrophosphoryl-polyrenol) was linear with time for 20 to 30 min, whereas incorporation of this sugar into LLO was at least 10-fold lower and leveled off in I to 2 min (data not shown). In this case, the addition of unlabeled GDP-mannose (0.005 ,umol) significantly inhibited the incorporation of GlcNAc into the mono-and diGlcNAc-lipids by 50%o or greater, while GlcNAc incorporation into LLO was stimulated about 2-to 3-fold.
Biosynthesis
Identification of LLO. The LLO formed from GDP-[ "C]mannose at various times of incubation were isolated by solvent extraction and the oligosaccharides were released by mild acid hydrolysis. The nature of the oligosaccharides was then examined on Biogel P-4 columns. Figure I shows the profiles of [14C] mannose-oligosaccharides obtained during incubations of 1 to 60 min. After 1 min, several oligosaccharides were observed that migrated slower than the heptasaccharide standard (M5N2), as well as a radioactive peak emerging in the maltose area and a large radioactive peak in the mannose area. With increasing times of incubation, the amount of mannose incorporated into these peaks increased, and several new and faster migrating peaks were detected. At least five major oligosaccharides were separated on this column, and the characterization of these species is detailed in the remaining portion of this paper. It should be pointed out that the addition of unlabeled UDP-glucose, even at concentrations as high as 10 mm, did not alter the labeling pattern seen in Figure 1 . Thus, in contrast to studies in animal systems, UDPglucose did not give rise to any detectable peaks in the Glc3Man9N2, Glc2Man9N2, or Glc,Man9N2 areas of the column.
The lipid-linked saccharides labeled with UDP-[3H]GlcNAc were also isolated, and the saccharides were examined on Biogel P-4 ( Fig. 2) . In this case, three major peaks were observed, one of which eluted near the maltose area while the other two eluted near the stachyose standard. The fastest migrating peak is apparently the trisaccharide, Man-fl-GIcNAc-GlcNAc, while the next peak is N,N'-diacetylchitobiose, and the slowest peak is GlcNAc.
Effect of Tunicamycin on the Formation of LLO. The antibiotic tunicamycin has been shown to inhibit the formation of GlcNAcpyrophosphoryl-polyisoprenol in both animal (33) and plant (12) tissues. Thus, it was of interest to examine the effect of this antibiotic on the various plant lipid-linked saccharides. Incubation mixtures were prepared with GDP-[ "C]mannose and unlabeled UDP-GlcNAc as described in Figure 1 , except that 10 or 50 ,ug of tunicamycin was added. After incubation, the LLO were isolated and the oligosaccharides were chromatographed on Biogel P4 (Fig. 3) . In the control incubations, two major radioactive peaks were observed near the M5N2 standard as well as a radioactive peak in the maltose area and one in the mannose area. However, in the presence of tunicamycin, the 2 fastest migrating peaks were greatly diminished, but little effect was seen on the peaks migrating near maltose and mannose. Also shown in this figure is the fact that tunicamycin had no inhibitory effect on the incorporation of mannose into the CHC13:CH30H (1:1) soluble lipids.
Isolation of Five Major Oligosaccharldes from the LLO. In order to isolate sufficient amounts of the major oligosaccharides for characterization, the incubation mixtures described in Figure  1 were scaled up 10-to 100-fold, and the LLO were isolated by solvent extraction. The oligosaccharides were released by mild acid hydrolysis and chromatographed on a Biogel P4 column (Fig. 4) . In addition to a large peak in the mannose area, six major oligosaccharides were observed, and these were pooled and identified as oligosaccharides A through F as shown by the brackets. Each of the pooled peaks was then rechromatographed on a calibrated column of Biogel P4 in order to obtain a homogenous oligosaccharide and to determine the size of the oligosaccharide. Figure 5 shows the elution profiles of oligosaccharides A through F Fig. 4 ). through E, was reduced with NaB3H4 and the reduced oligosaccharides were subjected to complete acid hydrolysis to release the monosaccharides. Figure 6 shows the paper chromatograms used to identify the sugars. (Fig. 7) . For Also, in the case of oligosaccharide C, a small peak of undigested C was seen in addition to the other peaks. However, these experiments do indicate that oligosaccharides A through D have mostly a-linked mannose residues attached to Man,8-GlcNAc-GlcNAc.
Oligosaccharide E was also tested for its susceptibility to amannosidase, but no free mannose was released by this treatment nor could any change in the migration of E on Biogel PA be observed (Fig. 8) . However, treatment with f-mannosidase (profile C) released more than two-thirds the radioactivity as free mannose. Most of the radioactivity that was left in the trisaccharide after fB-mannosidase treatment could be released as free mannose upon a second digestion with this enzyme. Thus, peak E is most likely Man,8-GlcNAc-GlcNAc.
Digestion with Endoglucosaminidase H. The oligosaccharides, A through E, were treated with endoglucosaminidase H and the products were examined on Biogel P-4 (Fig. 9.) . With oligosaccharide A, about two-thirds of the radioactivity was shifted to a slower migrating species whose elution pattern indicated that it contained one less GlcNAc than the original oligosaccharide A. As shown in Table I , this endoglucosaminidase H-treated A had the same Kd value as an authentic sample of Man7GlcNAc. Although the digestion of peak A did not go to completion in this experiment, the undigested material could be digested further by incubation with more endoglucosaminidase H. However, complete digestion was not achieved, suggesting the possibility that the Man7GlcNAc2 peak contains small amounts of other isomers and that some of these isomers are resistant to endoglucosaminidase H. Nevertheless, the fact that the major portion of this peak was susceptible indicates that it contains a branched mannose structure and that the mannose attached in a 1-6 branch is further substituted.
When oligosaccharide B was treated with endoglucosaminidase H for 48 h about 25% of the radioactivity was shifted to a slower peak which differed from the original B by one GlcNAc. Although the Man5GlcNAc2 has been reported to be resistant to endoglucosaminidase H, it could be slightly susceptible during long incubation. Or the Man5GlcNAc2 could be heterogeneous and could contain small amounts of a susceptible isomer. Oligosaccharide C was digested to the extent of about 10 or 15% by the endoglucosaminidase H as shown in scan 3 of Figure 9 . Methylation Analysis of Oligosaccharides. Oligosaccharides A through E were subjected to complete methylation and after complete acid hydrolysis to liberate the monosaccharides, the methylated sugars were identified by TLC. The radioactive methylated mannoses were compared to various standard methylated sugars prepared from yeast mannan or ovalbumin. Figure 10 shows the radioactive profiles of the thin-layer plates of oligosaccharides A through E. When [I 4Cjmannose-labeled oligosaccharide E was subjected to methylation (scan E), only one radioactive peak was detected which corresponded to 2,3,4,6-tetramethylmannose. These results confirm the previous data indicating that peak E is Manj8-GlcNAc-GlcNAc.
Methylation of oligosaccharide D (scan D) gave rise to two radioactive methylated sugars corresponding to 2,3,4,6-tetramethylmannose and 2,4,6-trimethylmannose. The amount of radioactivity in each of these peaks was almost the same. These results coupled with other data presented above indicated that oligosaccharide D is Manal-3Man,8-GlcNAc-GlcNAc.
Oligosaccharide C, upon methylation and hydrolysis, gave rise to three radioactive methylated sugars which migrated with the standards, 2,3,4,6-tetramethylmannose, 2,4,6-trimethylmannose, and 3,4,6-trimethylmannose. The absence of any radioactivity in the area corresponding to 2,4-dimethylmannose suggests that this oligosaccharide does not have a branched mannose structure. Thus, the likely structure for compound C is Manal--2Mana l-+ 3Man,8-GlcNAc-GlcNAc.
Oligosaccharide B also gave rise to three radioactive bands upon methylation and hydrolysis. In this case, these radioactive bands corresponded to the standards, 2,3,4,6-tetramethylmannose, 3,4,6-trimethylmannose, and 2,4-dimethylmannose. In this case, no radioactivity was found in the area corresponding to 2,4,6-trimethylmannose indicating that the 3-linked mannose was disubstituted. Therefore, the likely structure for oligosaccharide B is Mana 1-2Mana 1--2Mana 1--*3(ManaI--6)Manfl-GlcNAc-GlcNAc. Further studies on this oligosaccharide, using acetolysis to cleave 1-6 linkages (see below) are consistent with this structure.
Finally, oligosaccharide A yielded three radioactive bands after methylation and hydrolysis which corresponded to 2,3,4,6-tetramethylmannose, 3,4,6-trimethylmannose, and 2,4-dimethylmannose. The absence of 2,4,6-trimethylmannose indicates that any 3-linked mannose is disubstituted and is compatible with either of the two structures shown in Figure 12 . However, based on the results of acetolysis (see below) and the susceptibility to endoglucosaminidase H, it seems likely that the more highly branched structure is the correct one.
Acetolysis of Oligosaccharides A and B. In order to decide between the alternative structures shown in Figure 12 , oligosaccharide A was subjected to acetolysis (29) and the deacetylated oligosaccharide products were chromatographed on Biogel P-4 (Fig. 11) . The upper profile shows the results obtained with oligosaccharide A. In this case, the major radioactive peak corresponded to the trisaccharide, raffmose, while the next major peak was eluted at the position of the disaccharide, maltose. A smaller peak of radioactivity was also found in the mannose area. These data are consistent with the more highly branched structure (Figure 12) for Man7GlcNAc2, having two 1-6 linked mannoses. Thus, cleavage of the innermost 1--6 linkage would give a trisaccharide, whereas cleavage of the second 1-*6 linkage would give a disaccharide and a monosaccharide.
The lower profile shows the acetolysis pattern obtained from oligosaccharide B. Although several peaks were observed and some of these could be artifacts since they are represented by a single point, the major radioactive area corresponded to mannose. This is consistent with the structure for the Man5GlcNAc2 having a single mannose residue in 1-*6 linkage.
DISCUSSION
Previous studies in plant systems have shown that mannose and GlcNAc are incorporated into LLO (1-3, 8, 13, 19) . The oligosaccharide portion of these molecules have been isolated by paper chromatography or by chromatography on columns of Biogel P-4 and shown to range in size from trisaccharide to decasaccharide. However, except for some general studies on sugar composition, little is known about the structure of these oligosaccharides. It has been shown that tissue slices from cotyledons form the same type of lipid-linked saccharides as particulate enzyme fractions (2) .
In the present study, five oligosaccharides were isolated from the LLO synthesized from GDP-[ '4C]mannose by a particulate enzyme from mung bean seedlings. These oligosaccharides were separated from each other on columns of Biogel P-4 and were further purified to apparent homogeneity by several passages through long columns of Biogel P-4 (1.5 x 150 cm). Using a number of oligosaccharide standards, the relative elution constant (Kd) of each of these oligosaccharide was calculated as well as the Kd of the product resulting from endoglucosaminidase H digestion. Thus, the oligosaccharides were shown to be: A, Man7GlcNAc2; B, Man5GlcNAc2; C, Man3GlcNAc2; D, Man2GlcNAc2; and E, (4) , but some are different indicating that the sequence of addition of mannose residues may be somewhat different. For example, in animals, the pentasaccharide Man3GlcNAc2 has a 1-*6 linked mannose, whereas oligosaccharide C has a 1--2 linked mannose. Thus, in animal systems it has been suggested that the addition of mannose residues to the tetrasaccharide is 1--6, then 1-*2, then 1-2 to form the Man5GlcNAc2 (4) , whereas in plants it may be 1--2, then 1--2 or 1--6, then l--6 or l-+2.
It is interesting to note that the Man4GlcNAc2 and Man6GlcNAc2 species were not detected in these large scale incubations. This may suggest that the two mannose residues added to the Man3GlcNAc2 are added very rapidly or at the same time, as well as the two mannoses added to the Man5GlcNAc2. This could explain the type of heterogeneity observed in some of these oligosaccharides by Vijay and Fram (31) and Rearick et al. (23) who found evidence for several isomers in the various oligosaccharide peaks. This might also explain some of the results observed in the present study such as the susceptibility of these oligosaccharides to endoglucosaminidase H and some of the minor peaks observed with a-mannosidase digestion. However, the major compound present in oligosaccharide B from mung beans is apparently similar in structure to that formed in CHO cells (4) and in particulate and soluble extracts of aorta tissue (26) .
The largest oligosaccharide observed in this plant system is the Man7GlcNAc2. The methylation analysis of this oligosaccharide showed the absence of any 3-linked mannose (i.e. no 2,4,6-trimethylmannose) which is also different from the Man7GlcNAc2 of animal cells (4) . These data are consistent with either of the structures shown in Figure 12 . However, based on the fact that acetolysis gave rise to a trisaccharide and a disaccharide, it seems likely that the more highly branched structure is the correct one.
This structure is consistent with the structure recently proposed by Dorland et aL (9) for the oligosaccharide of soybean lectin. It should be mentioned that one difficulty with the methylation analysis of these oligosaccharides formed in vitro is that the mannose residues are probably not equally labeled. That is, the biosynthesis involves the addition of mannose residues to endogenous acceptors. Thus, we are not able to use the method for the quantitative determination of the number of mannose residues present in various glycosidic linkages. Nevertheless, the combination of data from the various treatments used in this study do suggest the structures presented in Figure 12 . Although in these studies, the addition of UDP-glucose did not cause any alteration in the size of the mannose-labeled LLO, other workers have found changes in the nature of the oligosaccharides induced by UDPglucose.
